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Engineenngrstability into Antibody
Domains

* For Engineerability/Function

 Antibody domain constructs, i.e.
scFvs, intrabodies, etc., often suffer
from stability problems

e Expression in non-mammalian hosts

* For Solubility/half-life

 For Manufacturing and Purification




What could be
worse than
low expressing
and aggregated
antibodies?

Being eaten
by a walrus?




tability Designs
« Many established methods — even

for antibodies.

« Sequence information can provide
rapid, unbiased basis for designs.

« Recent explosion in the genome
sequencing of all organisms.
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rattusnorvegicusIgGl
rattusnorvegicusIgG2a
musmusculusIgG3
CricetulusmigratoriusIgG
Oryctolaguscunicul usIgG
SylvilaguscunicularisIgG
LepuscalifornicusIgG
sheepIgGC

ovisariesIgGl

ITLTPEVTCVVVDISQDDPEVH--FSWEFVDDVEVHTAQ--TRPPEEQFNS
ITLTPEKVTCVVVDISQNDPEVRE--FSWF IDDVEVHTAQ--THAPEKQSNS
ISLTPEVTCVVVDVSEDDPDVH--VSWEVDNKEVHTAW--TQPREAQYNS
ISLTPRITCVVVDVSEEEPDVQ--FNWYVNNVEDKTAQ--TETRQRQYNS
ISRTPEVTCVVVDVSQDDPEVQ--FTWYINNEQVRTAR--PPLREQQFNS
ISRTPEVTCVVVDVSQDDPEVQ--VIRHYINNEQVHTAR--PPLQEQQFNS
ISLTPEVTCVVVDVSQDDPEVQ--FTRWYINNKQVHTAR--PPLREQQFNS
ISGTPEVTCVVVDVGQDDPEVQ--FSWEFVDNVEVRTAR--TKPREEQFNS
ISGTPEVTCVVVDVGQDDPEVQ--FSWEVDNVEVRTAR--TKPREEQFNS

bosTaurusIgél ~  ISGTPEVTCVVVDVGHDDPEVK--FSWFVDDVEV TAT--TKPREEQFNS

bosTaurusIgG3

humanIgGl
PantroglodytesIgG
humanI gG2
macacafascicularisIgGl
macacamulattaIgG2
susscrofaIgG2a
susscrofaIgGl

lamagl amaIgGl
CamelusdromedariesIgG
canisfamiliarisIgGC
canisfamiliarisIgGA
mustelavisonIgG
feliscatusNRSDIgGl
equuscaballusIgGl
equuscaballusIgG2
OrnithorhynchusIgGl
TachyglossusaculeatusIgG
MonodelphisdomesticaIgG

ISGTPEVTCVVVDVGQDDPEVQ--FSWFVDDVEVHTAR--TKPREEQFNS
ISRTPEVTCVVVDVSHEDPEVEK--FNWYVDGVEVHNAK--TKPREEQYNS
ISRTPEVICVVVDVSHEDPEVE--FNWYVDGVEVHNAK--TKPREEQYNS
ISRTPEVTCVVVDVSHEDPEVQ--FNWYVDGVEVHNAK--TKPREEQFNS
ISRTPEVTCVVVDVSQEDPDVE--FNWYVNGAEVHHAQ--TKPRETQYNS
ISRTPEVTCVVVDVSQEEPDVEK--FNWYVDGVEVHNAQ--TKPREEQFNS
ISRTPQVTCVVVDVSQENPEVQ--FSWYVDGVEVHTAQ--TRPKEEQFNS
ISQTPEVTCVVVDVSKEHAEVQ--FSWYVDGVEVHTAE--TRPKEEQFNS
ISGRPEVTCVVVDVGKEDPEVN--FNWYIDGVEVRTAN--TKPKEEQFNS
ISGRPEVTCVVVDVGQEDPEVN--FNWYIDGVEVRTAN--TKPKEEQFNS
TARTPTVICVVVDLD PENPEVQ--I1SWEFVDSKQVQTAN--TQPREEQSNG
ITRTPEVTCVVLDLGREDPEVQ--ISWFVDGKEVHTAK--TQSREQQFNG
ISRTPEVTCMVVDL--EDPEVQ--ISWFVDNQEMATAK--TNSREQQFNS
ISRTPEVICLVVDLGPDDSDVQ--ITWEVDNTQVYTAK--TSPREEQFNS
ITRTPEVICVVVDVSQENPDVE--FNWYMDGVEVRTAT--TRPKEEQFNS
ISRTPVVTCVVVNLSDQYPDVQ--FSWYVDNTEVHSAI--TKQREAQFNS
VAGTPEVTCVVVDLGFEDKDES PVVTWY QGDKELPKTRMLEPPPKEQRNG
VIGTPEVICVVVDLGFEDKDEN PVVTWYQGDKELPKS g -

LSRSPEVTCMVVDVS-DASGVQ--1TWF KGEEEVSSP
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Eotentiaiivveaknesses within the C,;3
Domain




inenmalunfoelding Behavior of C,3
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Stiticturaiiconsequences of Optimized
Viutations




Beyond Consensus to Stabilize

« Human FAB

« Bacterial expression
level ~0.3 mg/L

e Variable function
from prep to prep

Human
IlgG1/kappa

 *Domain dependent
stabilization

* *Functional/Folding
consequences

10 March 29, 2006



General Protein Engineering
Dbservations

« Stabilization can lead to increased expression.

o Stabilization can enhance product quality and
functionality, especially in non-mammalian
expression hosts.

 Adequate design of sequence databases provides
reliable information regarding the tolerability of
amino acids at various positions within antibody
domains (protein domains).
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HumanNgGEiNhiermal Unfolding as a
WHOLE

(9)]
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C, (kcal[[mol*K])

Saphire et al., Science
(2001) V. 293.
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vamatonymEuman IgG1 Stability
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gGisequence/stability Correlations

Can antibody VARIABLE DOMAIN sequences be
used to predict Antibody Stability/Expression?

We trust the mammalian antibody databases for
stability engineering, but can we use the sequence
information for de novo stability prediction?

 Developed a Scoring Algorithm Which
Compares individual Variable Domain
Sequence of Interest to the entire
Database of Mammalian Sequences
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rleyy Ble uences Which
ve In Vitro?

VH3 Subclass VH1 Subclass
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R [

|
1F |
|

Distribution of Sequence Scores
H
1

76 80 84 88 92 96 100 104 60 62 64 66 68 70 72 74 76 78

Sequence Score
Sequence Score

~20 Biogen Idec Preclinical or Clinical Phase Human(ized)
Antibodies (1) Scored AND (2) FAB Stability Tested.
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n(ized) V,, Scores
Roughly with Stability

Vu germline” 7 Vi Ascore V.,  V,.germline' V Vi
subclass sub- subclass
score class score

EBIIE1 HO2340WHI 70.1+/-3.1 W1 MA4855WEL 80.3+/-

EIIEZ 78 X92340°WHI1 12 70.1+/-3.1 WK1 Mad855VEL 80.3+/-

EIIE3 78. ABO19438°%HI . 70.1+/-3.1 VK2 X12684VE?2 85.3+/-

EIIE4 F1 L9954 9% H3 92.2+/ 45 WEZ  X12684VE?R2 85.3+/-

EBIIES 17 H56365WVH4 68.1+/-5.5 WK1 XK59316VE] 80.3+/-

EIIEG L9954 9% HI 1.7 92 2+/-45 WK1 Mad855VEL 80.3+/-

EIIE7 ABOI9438%HL 727 70.1+/-3.1 VK3 XT2812VES B4 1+/-

EIIER Z14300%HI i3 T0.1+£-3.1 WK1 XS59316VEL B0.3+/-

EIIEY 4.7 Z1 2358V H3 1 245 W4 Z00023WE4 92 6+/-

EIIE1D X 503405V H4 : A+L55 WK1 X59316VE] 80.3+/-

EIIE11 ABOI9438%HL 71, 70.1+£-3.1 WE4  Z00023VE4 92 6+/-

EIIE1Z ABO19438WHI {. 70.1+4-3.1 VK4 Z000Z23VE4 92 6+/-

BIIE13 M99asTVHS ; 1 2+ (4.5 W4 Z00023WE4 92 6+/-

EIIE14 L1a0s7vVHT 70.24/-32 -8 VE- -

EIIEL1S M99aa0vH3 1A 2 M+{4.5 WK1 Ma4858VEL

EIIElA L9964 9% H3 g 2 2+{4.5 VK3 XT2B12VES

BIIELT I JOOZ39%H3 A 1 2+(-4.5 W2 XE339TVE?D

EIIEL1S |- L9400 H3 . 1 2+/-4.5 VK2 X6339T7VE?2
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 Low V, Sequence Scores TREND towards lower stability
antibodies. No trend observed with V, sequences.

« Scoring can (should) be used as an initial tool to identify
potential problems with therapeutic antibodies or with
antibodies isolated from library approaches.

 Scores do not give the entire story —

(i) certain residue positions more important for stability than others
(if) V-(D-)J-C joining can affect stability
(iii) V,/V, Compatibility not accounted for
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1gG1 Fc (Fcy) IgE Fc (Fce)

See labs of Gould, Jardetzky and Cowburn...

biogen idec




Stability
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soniommatuonallChanges Evident In
EeiEatintermediate pH Levels

1400 | o FcG

 pH dependent FcE
unfolding also observec
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» Ce2 stable at all pH
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400 L e It is the RECEPTOR
N& MG & U binding domains of
200 | ° FcE which unfold.
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EunctionalBroperties of the IgE Fc

 FCcERI mediated signaling in allergy
and inflammation

« CD23 mediated signaling/transport
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ad Degranulation

Mast cell

FceRI
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Yellow = FcG-FceRlo (fusion) 49

Orange = Addition of the free 35
proteins’ DSC curves

White = DSC scan with BOTH 20

Fce and FcG-FceRla in the cell 25
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> o
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(Brandts, J.M and Lin L.-N. (1990)
Biochemistry. 29, pp. 6927-6940.)

K,<10-19-11 (M) SPR*

PBS, pH 7.4

—

K,~10-15 M

30

40

50 60 70
Temperature ( °C)

biogen idec




e FcE/FcERI
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HOWAISHGEEINaturally' Degraded?

Mast cell

Mao et al., 1993 J. Immunol. 151: 2760-2774
Xu et al., 1996 J. Cell Sci. 111: 2385-2396

ENEUOSOME:



SUIMIMARAGING , Characterization

e FcE is intrinsically much less stable than
other Ab isotypes.

 pH dependent unfolding of FCE at pH 5
abrogates its interaction with FcERI.

 pH dependent unfolding may provide an
novel mechanism for IgE regulation.
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BACK-UPs
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Terms of
Folded Subun

=
<)
—

ts

Saphire et al., 2001 Science, 293




Eosinophils

Basophils

IgE

Allergen

Mast cells

FceRI

o
L

Degranulation by
allergen
binding/cross-linking
cell surface IgE

o
L

Acute:
Histamine,
Prostaglandins,
Leukotrienes,
Tryptase,
Chymase

gEEpViechanism of Action

Smooth muscle
contraction

Bronchocon-
striction

* Airway

microvasculature
leakage

Chronic
inflammation

Ciliated epithelial
loss and damage

Smooth muscle
proliferation

Increased mucus
secreting cells
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[6] * 10-3 (deg cm? dmol-')

—e— CH3 T441L
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All Domains Form Stable
Dimers

(even at concentrations
as low as 50 nM)




nt of Human
VH Scores

VH3 Avg Score =93 +5 40
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stalityAvieasurement of Human
C—J’Js withhDifferent VH1 Scores
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Distibutieomoidtnan VH Scores Against a
Miammalian'VH Database

*Scoring is
Weighted

Distribution of Sequence Scores

o B

60 80 90 100
Weighted Score versus VH Consensus




Aggregzj-'rjorm hstability Explains
AnemoliousiEACS Behavior of =151/
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=llEx valnstability/Aggregation Issues

Light Scattering Detects Formation of Aggregates
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varaplerdomain Germline

Based on genome and usage:

V.=V.1-4
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OVEIEXPHESSION' O 3 Domains in

» Cytoplasmic production of oxidized C,,;3 using BL21trxB(DE3).

0.7

Oxidized
Cy3

0.5
04

0.3 | Reduced
Cy3

280

0.2 |

AU

01

0 5 10 15 20 25 30 35
Time(min)




Qutiine

1. Seguence-Based Engineering and
Prediction of Antibody Domain Stability

2. Variations in Stablility between Antibody
|Isotypes
- IgG vs. IgE

biogen idec




Ellipticity (mdeg)

EeiEndergoes ai Structural

Circular Dichroism (CD)
Spectra of FCE

FcE pH 4.5

FcE pH 5.2

FcE pH 6.0
FCEpH 7.4

190 200 210 220 230 240 250 260
Wavelength (nm)

ghange < pH'5

e FCE structural
transition < pH 5
coincides with
SEC/ANS data

e FCE structure iIs
Identical at pHs 5-9



1 AI(T) 1 1 I o= AH(T) ‘ I
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k or A (light chain)

c, Fab

IgG,IgA*,IgM*,IgD,IgE* (heavy chain)

Fc

Flexible
hinge

v
v

biogen idec




Equations:
Keq(Tm) = [FCERIJ[FCE )/[Complex] at Ty,

Algebra:
(1) Ka(Ty) = KyFCeE(Ty,)* KyFCERI(T ) Ko (Tyy)

Using the Gibbs-Helmholtz eqgn:

(2) Ka(Ty) = (LK ) exp([-AH(TapoFcE)/R]*(1/T -
1/T\,apoFcE)+[ACpFcE/R]*(In(T,,/T,apoFcE)+(T,,apoFcE/T,,)-1)+[-
AH(T,,apoFcERI)/R]*(1/T,,-
1/T,,apoFcERI)+[ACpFcERI/R]*(In(T,,/T\;apoFcERI)+(T,,apoFcERI/T,,)-1)]

Once K,(T,,) is derived, extrapolate back to 25 °C using AC,Complex and AH at
25C, i.e.:

(3) KA(25C) = 1/K(25C) = KA(T\p)*exp[(-AH(25C)/R)*(1/T 55~
1T \)HACR)*(IN(T 55/ Tpg) +1-(T o5/ Typ))]

Brandts, J.M and Lin L.-N. (1990) Biochemistry. 29, pp. 6927-6940.



How we get the Terms......

K, = Association Constant (1/M)

K, = Dissociation Constant (M)

K FcE = Unfolding equilibrium constant of the FcE CE3-CE4 domains

K FcERI = Unfolding equilibrium constant of FCERI

Keq(TM) = Equilibrium Constant for System at midpoint of Complex unfolding

T,, = Midpoint of the FcE/FCERI Complex melting curve

TMapoFr\E — NMidnnint nf tho froa ErF CF2.CFEA dAdnmain cimiiltananiic maltina riina

T,,apol

AC_Fcl .
scee AH(25C) = Enthalpy of complex formation
AC_Co . .

avr, AC,Complex = Change in heat capacity upon
AH(T,,

AH(25( complex formation

R = Universal Gas Constant

Blue = Derived from combination of experiments
Purple = Derived from a single experiment

Red = Assumption

Black = Constant

Green = Derived from Literature

Assumptions:.

(1) AC_FcE and AC_,FcERI are Estimated from the size of the two proteins.
(2) Ce2 and FcG are not part of the interaction.

(3) Two-State Unfolding (FAST scan rate)



A ) dNdPACS= Terms for the Fce-
Nnerac ﬂon at Lower pHs

*pPH 5.5 | ©
g P example AH (l)_
0 PAANANNNANNAANNANA_|+0.6 (10°C)
-0.2 |-

v :VVV“\WW"V‘VM— -3.7 (20°C)

1.4 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Time (sec)

CP (ncall/sec)
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Rreductionto immunoglobulins

. IgG (lgG1, 1gG2, IgG3, IgG4) - most common
antibody isotype in serum used for host defense.
***The Isotype of choice for Antibody Therapeutics!!

. |gE - Wound healing and parasite defense. Allergic
disease. ***New Classes of Antibody Therapeutics...

. IgA (IgA1, IgA2, digA) - found in mucosal areas and
secreted in the digestive tract to fight microorganisms.
. IgM -Pentameric, used as initial, low affinity immune
response for clearing viral or bacterial agents.

. IgD - B-cell class switching, diseases and more...
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pH 6

pH 5.5
pH 5

pH 4.8
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AH°(T) (kcal mol™)

pH 6.0

e PHT7.4

=y =6.205 - 0.5235x R=0.99801
y =7.8404 - 0.66971x R=0.99536

y =-1.4622 - 0.75723x R= 0.99492
] 1 1 1

1

0 15 20 25
Temperature (°C)

40
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